The human retina is a uniquely accessible tissue. Tools like scanning laser ophthalmoscopy and spectral domain-optical coherence tomography provide clinicians with remarkably clear pictures of the living retina. Although the anterior optics of the eye permit such non-invasive visualization of the retina and associated pathology, the same optics induce significant aberrations that obviate cellular-resolution imaging in most cases. Adaptive optics (AO) imaging systems use active optical elements to compensate for aberrations in the optical path between the object and the camera. When applied to the human eye, AO allows direct visualization of individual rod and cone photoreceptor cells, retinal pigment epithelium cells, and white blood cells. AO imaging has changed the way vision scientists and ophthalmologists see the retina, helping to clarify our understanding of retinal structure, function, and the etiology of various retinal pathologies. Here, we review some of the advances that were made possible with AO imaging of the human retina and discuss applications and future prospects for clinical imaging. (Optom Vis Sci 2010;87:930-941) 
ing a krypton arc flashlamp to illuminate the retina and a Xinetics deformable mirror to correct for ocular aberrations, this system has been used to examine features of the cone mosaic such as cone spacing, 9 ,10 cone directionality, 11 temporal fluctuations in cone reflectance, 12 and the locus of fixation. 13 Advantages of this design include the use of an incoherent light source (eliminating speckle) and brief imaging exposures (mitigating the impact of natural eye movements). A major disadvantage of this design was that images had to be collected one at a time, and the effective frame rate was limited by the recharge time of the flashlamp. This was remedied in a newer system developed at Indiana University, using a superluminescent diode for the imaging light source and a high-speed (167 frames per second) charge-coupled device to collect the retinal images. 14 
Adaptive Optics Scanning Laser Ophthalmoscope
An SLO creates a retinal image over time by recording scattered light from a focused beam as it is scanned across the retina. By continuous scanning of the retina in a raster fashion, it is possible to sample large areas at a faster rate than conventional flash fundus imaging. 15 Confocality is a major advantage of adaptive optics scanning laser ophthalmoscopy (AOSLO); light not originating from the focal plane of the retina is excluded through the use of a pinhole conjugate to the retinal focal plane, thus increasing the contrast of the final image. Lateral and axial resolution of the AOSLO can be modified by changing the pinhole size of the system. For example, when optimizing the confocal pinhole, the lateral and axial resolutions for a 6-mm pupil and a 600-nm light are 1.9 m and 33 m, respectively. 16, 17 The confocal nature permits axial sectioning of the retina and visualization of different layers of the retina, such as the nerve fibers, blood vessels, and photoreceptors with a precision that is considerably enhanced by the AO component. 18 The applications of AOSLO are numerous and include high-resolution imaging, eye tracking, laser modulation for stimulus delivery, multichannel imaging, and stabilized stimulus delivery for psychophysics and electrophysiology. These applications have recently been reviewed by Roorda, 17 and thus are not reviewed extensively herein.
Adaptive Optics Optical Coherence Tomography
OCT was first demonstrated as a retinal imaging tool in 1991, 19 and its use in ophthalmology has increased dramatically since that time. This was due to rapid commercialization of the first time domain system and more recently to the simultaneous deployment of spectral domain technology by a number of companies. Unlike SLO, the axial and lateral resolutions of OCT are decoupled. Axial resolution is limited theoretically by the coherence properties of the imaging light source, such that the broader the bandwidth of the light source is, the better the resolution. However, as the central wavelength is increased, significantly broader bandwidth is needed for the same axial OCT resolution as for shorter central wavelengths. 20 There is a tradeoff in that the human eye suffers from significant longitudinal chromatic aberration (different wavelengths focus at different planes), such that the full benefit of increasing the bandwidth of the imaging source is not realized without correction of longitudinal chromatic aberration. 21, 22 Lateral resolution is limited by the focal spot size, which is significantly degraded because of the eye's aberrations. Here, AO can be used to compensate for the eye's monochromatic aberrations, thus improving the lateral resolution and sensitivity of the OCT system. [23] [24] [25] Such systems are capable of resolving individual photoreceptors in three dimensions. 22, [25] [26] [27] Recently, 3-dimensional visualization of the nerve fiber layer, ganglion cells, and lamina cribrosa as well as the retinal pigment epithelium (RPE) mosaic and choriocapillaris was demonstrated using high-speed adaptive optics optical coherence tomography (AO-OCT; 120,000 scans/second). 28 It should be noted that SD-OCT without AO has been shown to be able to acquire images of the peripheral cone photoreceptor mosaic. 29 Imaging closer to the foveal center was made possible with extremely high scan rates (300,000 A-scans/sec), which minimizes image distortion caused by intrascan retinal motion.
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Applications
Although AO retinal imaging started with vision science applications, these have translated into clinical applications that are rapidly expanding. Before discussing the clinical future of AO, it is Schematic of an AO retinal imaging system. A beam of light is shined into the eye, and a small amount is reflected back out of the eye and into the optical system. Reflected light is split between a wavefront sensor, which measures the aberrations, and the image capturing device. Information about the aberrations of the wavefront, as measured by the wavefront sensor, is processed by a control system. The control system sends a signal to an active optical component, causing a shape change, which minimizes the wavefront aberration. Modified with permission from Opt Photon News, 16, 36 -42, 2005. 100 Adaptive Optics Retinal Imaging: New Clinical Applications-Godara et al. 931 worth revisiting some of the breakthroughs in vision science that were achieved by the use of AO technology.
Imaging the Cone Photoreceptor Mosaic
Owing to their unique waveguiding properties, cone photoreceptors served as relatively easy targets for initial imaging applications and have remained so. Despite being the focus of many groups over the years, there remains much to learn about the imaging properties of cones. The first images of the cone mosaic obtained with AO were published in 1996, using a conventional fundus camera equipped with AO, 10 whereas the first AO-SLO images of the cone mosaic were published in 2002. 15 Initial imaging efforts focused simply on analyzing the spatial density of the cone mosaic; however, other optical properties of the cones have been assessed with AO imaging. For example, researchers were also able to measure the directional tuning of individual cones, revealing that cones are not randomly aligned, but tightly clustered pointing toward the pupil center with little variability within an eye. 11 Multiple groups are beginning to establish normative data, 31, 32 which is required when trying to measure and assess cone mosaic disruption in diseased eyes.
The first use of AO to address a fundamental biological question was made by Roorda and Williams. 33 Although the presence of three different cone types in the human retina was known [short-(S-), middle-(M-) and long-wavelength sensitive (L-)], their topographical arrangement was unclear. By combining retinal densitometry with AO imaging, Roorda and Williams 33 were able to infer the spectral identity of individual cone photoreceptors. Despite different relative numbers of L and M cones (L:M cone ratio), the two subjects imaged in this study had normal color vision. 34, 35 Hofer et al. 36 studied several additional subjects with the same technique, which revealed even further variation in the ratio of L to M cones. Remarkably, despite the 40-fold variation in L:M cone ratio, all subjects demonstrated normal color discrimination.
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Functional Adaptive Optics Imaging
Considerable effort is underway to uncover the physiological or optical origins of spatial and temporal variability in cone reflectance, because this may have diagnostic potential. 14, [37] [38] [39] High-speed AO fundus cameras have been used to study the temporal dynamics of cone reflectance. The first studies on the topic looked at changes over the duration of a day. 40 Later groups demonstrated that fluctuations also take place on a much shorter time scale using different coherence length light sources.
14,37 A follow-up study showed that after exposure to a visible stimulus, a short coherence length imaging source reveals light-evoked oscillation signals in a large number of cones. 38 The application of light-evoked signal detection techniques for in vivo retinal imaging may prove useful for assessing the functional status of cones in normal and diseased retinas. [41] [42] [43] Observed changes in reflectivity may be caused by molecular changes within the cones that are due to phototransduction. Another hypothesis, based on data acquired using long coherence length light, suggests reflectance variation is based on cone outer segment (OS) length. 39 The hypothesis is that the cone OS acts like a "biological interferometer," allowing precise measurement of OS length in vivo, and that fluctuations in reflectivity are due to changes in OS length, related to disk shedding. This is an active area of research, and such an assay of cone function could prove highly useful in clinical applications.
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Rod Photoreceptor Imaging
Although cones have proved relatively easy to image, rod photoreceptors have evaded routine detection. Rods have been shown to be less effective waveguides than cones. 44 -46 This fact, combined with their small diameter (ϳ2 m), 47 likely accounts for the lack of widespread rod imaging. By using an AO fundus camera, successful imaging of the normal retina at 15 to 20 degrees from fixation demonstrated a continuous cone mosaic with numerous rods intermingled throughout the image. 48 Although this group used deconvolution to clarify cellular structures, they were also visible in unprocessed images. Using the same imaging system, the retina of a patient with rod monochromacy (a congenital vision disorder in which cone function is absent or severely diminished) was imaged, demonstrating a severely disrupted photoreceptor mosaic and visible cells whose size and density were typical of rod, not cone, photoreceptors. 49 There were intermittent gaps in the mosaic that were thought to be non-functional and structurally compromised cone photoreceptors. At this point, these are the few reported cases of rod photoreceptor imaging; however, because of their involvement in retinal diseases like retinitis pigmentosa, more robust techniques for imaging rods are needed.
Retinal Pigment Epithelium
The RPE provides vital support to the photoreceptors and as such, RPE dysfunction has been implicated in many retinal diseases, including Leber congential amaurosis, Stargardt disease, AMD, and Best macular dystrophy. Three different approaches using two AO modalities have been used to image the RPE mosaic in living human eyes. The RPE mosaic was first visualized in areas of retina that were devoid of photoreceptors 50 (see another example in Fig. 5 ). Several patients with retinal degenerative disorders showed cells consistent with histological literature values for RPE cell shape, size, and distribution in areas that showed loss of visual function with microperimetry. The RPE mosaic was first visualized in the normal retina by taking advantage of dual acquisition methods. 51 The information from the registration of the reflectance images, which contain high contrast images of the cone photoreceptors, was used to register frames of the low intrinsic autofluorescence of RPE cells. RPE cells were excited with 568 nm light and emission was detected over 40 nm centered around 624 nm. This study also looked at the repeatability of these measurements, by finding the same distribution of cells when imaging was repeated several weeks later. A third study used AO-OCT to visualize the RPE mosaic in normal eyes, though it was not possible to obtain these images in every eye examined. 28 Using this imaging technique, the RPE cell mosaic was identified and quantified by looking through en face slices of the retina. Cel- lular components such as the RPE cell soma and nuclei were also identifiable.
Retinal Vasculature
Because of its high-magnification, resolution, and real time visualization, it is possible to observe individual leukocytes moving through small blood vessels in the retina using an AOSLO (Fig. 2) . Such images permit imaging of parafoveal capillary leukocyte movement and measurement of leukocyte velocity without contrast dyes. 15 Leukocyte velocity was measured directly from movie segments in which the leukocytes were clearly visible. 52 A follow-up study investigated the possible role of the cardiac cycle on capillary leukocyte velocity by directly measuring capillary leukocyte pulsatility. 53 Using the information encoded by the moving leukocytes, researchers used differential registration to enhance the motion contrast. In this process, the average intensity of the pixels at a given location is averaged and the standard deviation is calculated and displayed. Areas with motion will have a higher standard deviation, because of the reflectance changes with passing blood cells, whereas areas without motion will have lower standard deviations. By depicting these localized high and low standard deviation differences, even the finest blood vessels become apparent, and montaging several images together allows construction of a map of the retinal vasculature in the absence of contrast agents. 54 In this study, the parafoveal capillaries were clearly visible and were used to measure the size of the foveal avascular zone (FAZ). They found the average FAZ area was 0.323 mm 2 , with an average effective diameter of 633 m, comparable to psychophysical and histological studies (Fig. 2) .
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Clinical Retinal Imaging with Adaptive Optics
A number of clinical conditions have been examined using AO retinal imaging. We review some of these here, emphasizing those examples where important information about disease mechanism or novel insight into the cellular pathology of the condition was obtained.
Congenital Color Vision Deficiencies
Just as there is genotypic and phenotypic variation in "normal" color vision, there is considerable variability among individuals with red-green and blue-yellow color vision deficiencies. [57] [58] [59] [60] [61] Although easily detectable through the use of behavioral testing and associated with the functional absence of one type of cone, these color vision defects had been thought to be completely benign. However, just as AO imaging provided novel insight into our understanding of normal color vision, it has been instrumental in clarifying the pathogenesis of color vision defects.
Tritan (blue-yellow) defects are caused by missense mutations in the S-opsin gene. 62, 63 Recently, Baraas et al. 64 used an AO fundus camera to image the cone mosaic in two related individuals heterozygous for a missense mutation (R283Q) in the S-opsin gene. The father (who was behaviorally a tritanope) demonstrated decreased density, abnormal cone packing, and an absence of S cones, suggesting that at least in this subject, heterozygosity for the R283Q mutation ultimately results in the death of S cones. However, the daughter had a normal appearing mosaic and manifested only very mild tritan errors on a subset of color vision tests. The authors concluded that the phenotypic difference between the father and daughter with the same mutation reflected different stages of disease progression in which dominant negative interactions have compromised the function and viability of S cones. This is based on the supposition that S-opsin mutations that cause autosomal dominant tritan color-vision deficiencies are analogous to rhodopsin mutations that cause autosomal dominant retinitis pigmentosa, where dominant negative interactions between normal and mutant pigment expressed in the same rod lead to the death of the affected rod. 65, 66 Previous observations that older tritan subjects tend to have elevated error scores on color vision tests compared to younger tritan subjects support this conclusion. 67 This finding resulted in a new theory on tritan color vision defects, whereby tritan phenotypes caused by S-opsin mutations are associated with the loss of S cones. Future imaging studies directly comparing individuals homozygous for tritan-associated mutations with individuals heterozygous for the same mutations will be needed to confirm this hypothesis.
Red-green defects involve the loss of either L-or M-cone function, resulting in a protan or deutan defect, respectively. The genes encoding the L and M photopigments reside in tandem array on the X-chromosome, thus there is no potential for dominant negative interactions as there is for the tritan defects. In addition, a number of genetic pathways can result in a redgreen defect. The first pathway is replication of the L or M genes such that multiple genes of the same type are arranged in the first two positions of the array. Because only the first two opsin genes are typically expressed, these genotypes result in a color deficient phenotype. 68, 69 The second pathway is the reduction to a single gene at the genetic locus. A third cause of red-green color vision deficiency is the presence of an inactivating mutation within one of the genes in the L/M array. These were first thought to involve missense mutations that result in expression of non-functional pigment, the most common mutation being the substitution of arginine for cysteine at position 203 (C203R). 69 -71 AO imaging has shown that these pathways differentially affect the integrity of the cone mosaic (Fig. 3) , underscoring the fact that red-green defects are not all benign nor do they all share the same cellular phenotype.
In 2004, data were published showing that an individual with an inactivating mutation ("LIAVA") in one X-linked cone opsin gene had a significantly disrupted cone mosaic, with about 35% of the foveal mosaic occupied by dark gaps (Fig. 3B) . 72 These gaps presumably represent the subset of non-functioning cones that contained the inactive opsin. This clarified a fundamental question about what happens to cones in red-green color vision defects. Additional work by the same group showed that a different mutation (the C203R folding mutation) also resulted in disruption of the cone mosaic; however, the spatial arrangement of the remaining cones was different than that in the LIAVA retina (Fig. 3C) . 73 The comparison of the C203R retinas to LIAVA retinas revealed a subtle but important difference in the arrangement of the remaining cones. The cones in the C203R retina were more regularly packed than those in the LIAVA retina, suggesting a difference in either the timing of the cone loss, or a difference in the degree of cone loss. Cone mosaic organization and density in the C203R retina suggests that the cones expressing the C203R retina had degenerated completely, whereas those in the LIAVA retina were still present (although not functioning or waveguiding). This is supported by data showing that the cone locations and cone density have not changed in the subject's LIAVA retina over a period of 6 years. 74 
Albinism
Albinism is an inherited disorder of melanin biosynthesis and is associated with a disruption in normal retinal development, with foveal hypoplasia (absence of a foveal pit) being the predominant ocular phenotype. It is well accepted that there is a developmental link between foveal cone packing and formation of the foveal pit. [75] [76] [77] [78] [79] Given the observed variation in the degree of foveal hypoplasia observed in albinism, 80, 81 one might predict that the degree of foveal cone specialization also varies. Initial insight into this issue came from Marmor et al., 82 who used AO to image the parafoveal cones in four patients with unspecified foveal hypoplasia. They observed "normal" cone specialization (cone packing and outer nuclear layer thickening), however, no quantitative analysis was provided. More recently, McAllister et al. 83 examined six individuals with albinism and found variation in the degree of foveal hypoplasia and corresponding variation in foveal cone specialization (measuring cone packing gradients and foveal outer segment lengthening). These results confirm that there is a continuum of foveal maturity in albinism on the cellular level, which may prove useful for identifying suitable candidates for novel therapies as they become available. Representative images are shown in Fig.  4 . Although albinism subjects generally lack retinal pigment, some subjects have a "leaky" mutation that allows some pigment to be formed, producing pigment clumps in the retina, visualized as areas of hypo-and hyper-reflectance (Fig. 4D) . All three individuals with albinism had significant nystagmus; however, the brief exposure duration used to image the cone mosaic mitigated the effect of eye movement on resolving individual cones.
Retinal Degenerations
Inherited retinal degenerations represent a heterogeneous group of diseases which all produce progressive death of photoreceptors.
FIGURE 3.
Images of the cone mosaic from individuals with different cone opsin mutations. Images are from 1-degree temporal retina from a normal trichromat (A), a dichromat harboring a pigment with the LIAVA polymorphism (B), and a dichromat harboring a pigment with the C203R missense mutation (C). Although both dichromats have approximately the same reduction in cone density (31,771 cones/mm 2 for the LIAVA retina; 27,799 cones/mm 2 for the C203R retina, compared with normal of 55,184 cones/mm 2 ), the arrangement of the remaining cone photoreceptors is more regular for the C203R retina. 73 Scale bar is 50 m.
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Presently, there are no cures, and arguably no effective treatments, to slow or reverse vision loss caused by these diseases. Retinitis pigmentosa, or rod-cone degeneration, affects rods to a greater extent than cones and initially causes loss of peripheral vision and night vision, whereas cone-rod dystrophy (CRD) affects cones to a greater extent than rods and produces loss of visual acuity, central vision, and color vision.
AO was used to first report in vivo retinal images of a patient with CRD at a microscopic resolution comparable to that of histology, which revealed a reduction in cone density. 84 Floodilluminated AO as well as AOSLO imaging of CRD patients revealed dark patches of retina devoid of wave-guiding cones and highly reflective areas of retinal scarring and atrophy in the bull's-eye lesion. The spared retina showed a nearly continuous Imaging the cone mosaic in albinism. Shown are images of the cone mosaic centered at ϳ1 degree superior retina. The foveal center is located just off the bottom edge of each image. Images from a normal retina (A) and a subject with OCA1B (B) reveal a gradual decrease in cone packing density moving from bottom (inferior retina) to top (superior retina). Image from a subject with OA1 (C) reveals more uniform cone packing density. Cones vary individually in their reflectivity, and there are regional differences in image intensity, but this is in stark contrast to the pigment mottling seen in (D). Scale bar is 100 m.
Adaptive 85 Another group demonstrated reduction of cone densities in areas with lower amplitudes of multifocal electroretinogram responses as well as reduced visual sensitivities measured by automated perimetry in a series of retinal dystrophy cases. 86 More recently, it was shown that patients with retinitis pigmentosa and CRD show different patterns of cone loss; primary cone degenerations cause increased cone spacing centrally, whereas rod-cone degeneration causes cone cell death adjacent to scotomas beginning around 10 degree eccentric to fixation, the retinal region with the highest density of rods.
31 Fig. 5 shows images from a patient with autosomal dominant retinitis pigmentosa. The AOSLO images reveal a disrupted cone mosaic and in areas of extensive cone loss, the RPE mosaic can be directly visualized (also see ref. 50) . AOSLO imaging has also been used to study cone photoreceptor structure in eyes with specific genetic mutations, such as mutations in rhodopsin 31 and ABCA4, the genetic defect present in most patients with autosomal recessively inherited Stargardt disease, 87 providing high-resolution phenotypic characterization of patients with known genotypes. Moving forward, the combination of AO imaging with molecular genetic information may provide insight into the etiology of various retinal degenerations. In addition, assessment of the relative integrity of the photoreceptor mosaic may be useful for identifying individuals who may be good candidates for experimental therapies such as gene therapy and may permit specific areas of retained photoreceptor structure to be targeted for treatment. 49, 88 Mitochondrial DNA T8993C Mutation
Cone photoreceptors are highly metabolically active, and their inner segments are packed with mitochondria. It is not clear if the high density of mitochondria present in cone inner segments is necessary simply to meet metabolic requirements, or whether it serves some structural or optical function. A mitochondrial DNA mutation in the ATPase6 gene in which a cystidine is substituted for a thymidine at position 8993, results in a syndrome known as neurogenic weakness, ataxia, and retinitis pigmentosa. Mitochondrial mutations are distinguished Image from a patient with autosomal dominant retinitis pigmentosa. The background is an infra-red SLO image from the Heidelberg Spectralis. The line indicates the location of the SD-OCT scan, which goes through fixation. The SD-OCT scan shows that photoreceptors are preserved in the central macula only with attenuation of outer retinal layers beginning about 6 degrees eccentric to fixation and also reveals the presence of mild cystoid macular edema. A reduced-scale AOSLO montage is aligned and superimposed on the background image. The insets are full scale-sections of the AOSLO montage at two locations indicated by the black squares. The left inset is from the advancing front of degeneration, and RPE cells are clearly seen as a polygonal network of cells comprising the left half of the image. Some irregularly distributed cones are still visible on the right side of the image, albeit at a lower density than normal. The right inset is of the foveal region. Small white squares indicate the locus of fixation. Cones are resolved across most of the field and are lower density than would be found in a normal eye. The dark lines and shadows in the inset do not indicate where cones are lost, but rather are formed by capillaries and the boundaries of the cystic spaces. It is presumed that preserved and functioning cones are likely to be present beneath these shadows, although cones are not clearly seen. Scale bar for the inset is 1 degree.
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by a condition known as heteroplasmy in which mitochondria expressing both normal and mutant DNA coexist within the same cell. The percentage of mitochondria expressing the mutation correlates with disease severity, but there is marked variation in the degree of heteroplasmy between different individuals in a family carrying the same mutation, between different tissues within a given individual, and even within individual cells of a single tissue. In a recent article, AOSLO was used to characterize the cone mosaic in a family carrying the T8993C mutation and demonstrated variable disease expression on a cellular level. 89 Patients with the same high level of expression of the mitochondrial mutation showed dramatically different phenotypes ranging from very mild to severe photoreceptor degeneration. Furthermore, there was significant variability in cone spacing and cone packing within individual eyes. The abnormal cone spacing observed in this family was likely a consequence of cone photoreceptor death caused by the mitochondrial mutation with insufficient synthesis of ATP to meet metabolic needs. However, abnormalities observed in the remaining cones may indicate that cone inner segment mitochondria play an additional role that is essential for normal cone waveguiding. 89 The AOSLO images in this article present the first non-invasive characterization of the effects of mitochondrial mutations on cone photoreceptor structure in living eyes and may provide insight into the role mitochondria play in cone structure and survival.
Future Directions
What does the future hold for retinal imaging with AO in the clinic? Although established as a powerful research tool for nearly two dozen research groups worldwide, AO has yet to achieve widespread clinical use. This is not likely due to a lack of clinical utility, rather a lack of clinical access and availability in addition to the time required to obtain, process, and analyze the images. Important progress has been made in this regard, with a few groups now deploying imaging systems within clinical settings. 3, 90, 91 One of the other drawbacks of AO systems to date has been their size; however, numerous compact designs have been developed, 3,90 -94 and bona fide commercial clinical prototypes are coming on-line. One such device, based on a floodilluminated design was developed by Imagine Eyes (Orsay, France) and is currently being tested in two hospitals in France. A second device, developed by Physical Sciences Incorporated (Andover, MA), is in phase II clinical testing and integrates AO with a line-scanning laser ophthalmoscope. Both devices feature important advances in control software, enabling use by a wider demographic and, as shown in Fig. 6 , they both have small "clinic-friendly" footprints. Work remains to better understand the tradeoffs between different imaging modalities, with recent work showing subtle, but potentially important differences between AO flood-illuminated and AOSLO retinal images. 95 Beyond simply providing clinicians with higher-resolution views of retinal pathology, there are other exciting applications of AO imaging on the immediate horizon. One of these applications is tracking of disease progression. It has been shown that it is possible to image with cellular resolution in exactly the same retinal area over days, 31 months, 96 and even years. 74, 97 The ability to longitudinally track disease progression serves as the foundation for an imaging-based approach to track treatment response with greater sensitivity and on a much shorter time scale than current outcome measures such as visual acuity and visual field sensitivity can allow. Because the rate of disease progression is typically slow in inherited retinal degenerations, it is estimated that patients must be monitored for 7 to 10 years before standard clinical measures of visual function, such as visual acuity and visual field sensitivity, show significant evidence of disease progression in patients with retinitis pigmentosa or Usher syndrome. 98, 99 As novel treatments to slow disease progression in inherited retinal degenerations are developed, it will be critical to evaluate the effect treatments have on individual photoreceptor cells. If AO imaging can provide high-resolution, non-invasive measures of cone structure in living patients with retinal degeneration in response to treatments, cone structure may provide a suitable outcome measure to assess experimental treatments in clinical trials. In fact, a recent study found that in three retinal degeneration patients treated with sustained-release CNTF in one eye and a sham surgery in the fellow eye, the rate of cone loss was lower in the CNTF-treated eye than the control eye. 97 Expanding the scope of this study and others will require AO imaging expertise and ability in multiple centers to enable randomized clinical trials to study the effect of treatments on cone structure. AO imaging systems that can be deployed into retina clinics and that can acquire images that can be sent to a centralized reading center for evaluation will be required to incorporate AO images of the photoreceptor mosaic as valid outcome measures for clinical trials in the future.
